
A 

I 

studied 

DONOR SOLVENT CHEMISTRY IN LIGNITE LIQUEFACTION 

by 

J. Y. Low 

PHILLIPS PETROLEUM COMPANY 
PHILLIPS RESEARCH & DEVELOPMENT CENTER 

BARTLESVILLE, OK 74004 

ImoDucTIo~ 
Coal liquefaction by donor solvent processes (DSP) h 

over the- years many people t hrouahou t the 
s be 

world. P 
However, lignite liquefaction by -DSP was less intensively studied. We 
were interested in determining how the properties of donor solvents 
related to lignite liquefaction, particularly with lignites and under 
low pressure liquefaction conditions. 

Our approach was to synthesize a series of donor solvents 
with different properties by catalytically hydrotreating anthracene 
oil under various conditions. These solvents were tested for lignite 
liquefaction under a standard set of conditions. The liquefaction 
conditions we used were similar to those used by the Nat onal Coal 
Board in their Liquid Solvent Extraction (LSE) p r o c e s ~ . f ~ ~ ~ )  The 
criteria used for determining the effectiveness of the donor solvents 
were lignite conversion and filtrate to filter cake ratio. We have 
tried to correlate these two criteria with the properties of the donor 
solvent. These properties include total hydrogen content, aromatic 
content, donatable hydrogen, and molecular weight of the solvent. 

We also have studied the effects of other reaction 
parameters, such as solvent to lignite ratio and the difference 
between the nominal and real solvent to lignite ratio. 

KXPERIYEIYTBL 

A.  C h e m i c a l s  

Anthracene oil was purchased from Crowley Chemical Co. The 
pure grade tetralin was commercially available from Fischer Scien- 
tific. The two lignites used in these experiments were from the Gulf 
Coast, and their properties are given in Table 1. 

B. ADDaTatUS 

The reactors used for the solvent/coal ratio studies are 
better known as "Tubing Bomb" reactors. They were made of 316 stain- 
less steel tubing (3/4" OD, 0.63" ID, 5" long). Both ends were closed 
with Swagelok caps. A tee was welded at the center of the reactor to 
accommodate the gas charge port, valve, and pressure transducer. The 
design is shown in Figure 1. The reactor volume is roughly 23 ml (and 
has a maximum working pressure of 4400 psig at 538oC). 
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The reactor u s e d  fo r  t h e  s o l v e n t  q u a l i t y  s t u d i e s  was a 1- 
l i te r  Magnedrive a u t o c l a v e  from Autoclave E n g i n e e r s ,  I n c .  

The h y d r o t r e a t i n g  u n i t  f o r  p r e p a r i n g  a n t h r a c e n e  o i l  donor  
s o l v e n t s  is a c o n t i n u o u s  f e e d  u n i t .  I t  h a s  a 300 cc t r i c k l e  bed  reac- 
tor .  The reactor is f i l l e d  f i r s t  w i t h  100 cc of  i n e r t s  ( c e r a m i c  
b e a d s ) ,  t h e n  1 0 0  cc 1 /16"  e x t r u d a t e s  Ni-Mo/A1203 c a t a l y s t  from U n i t e d  
C a t a l y s t s ,  and  f i n a l l y  t h e  r e m a i n i n g  100 cc w i t h  i n e r t s  again. The 
a r r angemen t  is shown i n  F i g u r e  2.  

C. ExDerimental Procedure 

E x p e r i m e n t s  f o r  s o l v e n t  q u a l i t y  s t u d i e s  w e r e  c a r r i e d  o u t  
w i t h  a 1 - l i t e r  a u t o c l a v e .  For t h e  s o l v e n t  t o  l i g n i t e  r a t i o  s t u d i e s ,  
t h e  t u b i n g  bomb reactors were used.  

F o r  a t y p i c a l  s o l v e n t  q u a l i t y  s t u d y  e x p e r i m e n t ,  300 g of 
h y d r o t r e a t e d  a n t h r a c e n e  o i l  and 200 g of l i g n i t e  A ( d r i e d ,  40 mesh-) 
were p l a c e d  i n  t h e  reactor. The reactor w a s  p r e s s u r e  t e s t e d  for l e a k s  
a t  1000 p s i g  w i t h  n i t r o g e n .  The n i t r o g e n  gas was  r e l e a s e d  t o  atmo- 
s p h e r i c  p r e s s u r e  b e f o r e  s t a r t i n g  t h e  h e a t i n g .  

Whi l e  s t i r r i n g  a t  1000  rpm, t h e  reactor w a s  h e a t e d  s l o w l y  
( a b o u t  90 m i n u t e s )  t o  4OO0C and  was k e p t  a t  t h i s  temperature f o r  o n e  
h o u r .  The maximum p r e s s u r e  f o r  t h e s e  r u n s  was a b o u t  600-800 p s i g .  
After r e a c t i o n ,  t h e  reactor was c o o l e d  q u i c k l y  w i t h  c o l d  water ( t h e  
reactor is  e q u i p p e d  w i t h  a n  i n t e r n a l  c o o l i n g  c o i l ) .  The r e a c t i o n  mix- 
t u r e  ( l i q u i d  and  s o l i d )  w a s  t r a n s f e r r e d  and  f i l t e r e d  t h r o u g h  a 15 c m  
d i a m e t e r  Whitman #4 p a p e r  f i l t e r .  The f i l ter  f u n n e l  w a s  h e a t e d  w i t h  
steam d u r i n g  f i l t r a t i o n .  The f i l t r a t i o n  w a s  s t o p p e d  when t h e r e  was no 
o b v i o u s  l i q u i d  l e f t  i n  t h e  f i l t e r  f u n n e l .  The f i l t e r  c a k e  was t h e n  
mixed w i t h  300 m l  of  q u i n o l i n e .  The m i x t u r e  w a s  s t i r r e d  f o r  30 m i -  
n u t e s  and t h e n  f i l t e r e d  as  above ,  e x c e p t  no steam w a s  u s e d .  The f i l -  
ter cake w a s  washed w i t h  100 m l  of q u i n o l i n e  and  t h e n  it ( t h e  qu ino-  
l i n e  i n s o l u b l e s )  was  d r i e d  o v e r n i g h t  i n  a vacuum oven a t  1 l O O C .  The 
q u i n o l i n e  c o n v e r s i o n  w a s  c a l c u l a t e d  as shown below: 

Qu ino l ine  C o n v e r s i o n  % = 100% - % q u i n o l i n e  i n s o l u b l e  ( a s h  f r e e )  

The q u i n o l i n e  c o n v e r s i o n  i n c l u d e s  t h e  g a s  y i e l d .  

For t h e  s o l v e n t  r a t i o  s t u d i e s ,  2 grams of  d r i e d  40 mesh- 
l i g n i t e  B w a s  p l a c e d  i n  t h e  t u b i n g  bomb a l o n g  w i t h  t h e  a p p r o p r i a t e  
amount of t e t r a l i n  ( 2 ,  4 ,  6 ,  or 8 grams) .  For t h e  reactor l o a d i n g  
s t u d i e s ,  t h e  s o l v e n t  t o  l i g n i t e  r a t i o  was c o n s t a n t  a t  2 ,  b u t  t h e  t o t a l  
amount of the  mixture  v a r i e d  (5.5, 6.6,  8.8, and 1 2 . 1  grams). 

F o r  e a c h  t e s t ,  t h e  e x p e r i m e n t  w a s  d u p l i c a t e d .  The r e s u l t s  
r e p o r t e d  are a v e r a g e d  v a l u e s .  Fo r  a t y p i c a l  r u n  w i t h  t u b i n g  bomb 
reactors,  4 reactors w e r e  s e c u r e d  on a r a c k  which w a s  t h e n  lowered  
i n t o  t h e  p r e h e a t e d  (41WC) f l u i d i z e d  s a n d  b a t h .  A f t e r  s h a k i n g  t h e  
reactor a t  180 rpm f o r  o n e  h o u r ,  t h e  reactors w e r e  l i f t e d  from t h e  
s a n d  ba th  and q u i c k l y  quenched w i t h  c o l d  water. The reactors were 
t h e n  d e p r e s s u r i z e d .  The gas m i x t u r e  w a s  n o t  a n a l y z e d .  The reaction 
m i x t u r e  ( l i q u i d  a n d  s o l i d )  was d i l u t e d  w i t h  50 m l  o f  c y c l o h e x a n e  and  
s t i r r e d  for 30 minute?.  The mixture  w a s  t h e n  f i l t e r e d  w i t h  a medium 
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f r i t t e d  g l a s s  f u n n e l .  The f i l t e r  c a k e  w a s  washed w i t h  20 m l  of CyClO- 
hexane  and  t h e n  w a s  d r i e d  o v e r n i g h t  i n  a vacuum oven a t  llO°C. The 
c y c l o h e x a n e  i n s o l u b l e  f i l t e r  c a k e  w a s  u s e d  t o  c a l c u l a t e  t h e  CYClO-  
hexane  c o n v e r s i o n ,  as w a s  done f o r  t h e  q u i n o l i n e  c o n v e r s i o n .  

For t e t r a h y d r o f u r a n  (THF) c o n v e r s i o n s ,  t h e  c y c l o h e x a n e  i n -  
s o l u b l e  was f u r t h e r  mixed w i t h  50 m l  o f  t e t r a h y d r o f u r a n ,  s t i r r e d ,  fil- 
t e r e d ,  washed,  and  d r i e d  i n  t h e  same manner as d e s c r i b e d  above.  The 
THF c o n v e r s i o n s  were c a l c u l a t e d  s i m i l a r l y .  Again ,  a l l  t h e s e  conver -  
sions ( q u i n o l i n e ,  c y c l o h e x a n e ,  and THF) i n c l u d e  t h e  gas y i e l d s .  

The d o n a t a b l e  and aromatic hydrogens  were measured by p r o t o n  
NMR . 

RESULTS AND DISCUSSION 

A to ta l  o f  15 donor  s o l v e n t s  were s y n t h e s i z e d  by c a t a l y t i c  
h y d r o t r e a t i n g  o f  a n t h r a c e n e  oil a t  v a r i o u s  c o n d i t i o n s .  T h e i r  p r o p e r -  
t ies  are l i s t e d  i n  T a b l e  2. These  s o l v e n t s  were tested as l i g n i t e  
l i q u e f a c t i o n  s o l v e n t s  u n d e r  l o w  p r e s s u r e  w i t h  no added m o l e c u l a r  
hydrogen d u r i n g  l i q u e f a c t i o n .  The r e a c t i o n  p r e s s u r e  v a r i e d  from 600- 
800 p s i g  b e c a u s e  o f  t h e  d i f f e r e n c e  i n  vapor  p r e s s u r e  o f  t h e  s o l v e n t s  
a t  r e a c t i o n  t e m p e r a t u r e .  The u n h y d r o t r e a t e d  ( r a w )  a n t h r a c e n e  o i l  was 
a lso u s e d  f o r  compar ison  p u r p o s e s .  We a n a l y z e d  o u r  r e s u l t s  i n  rela- 
t i o n  t o  t h e  i n d i v i d u a l  p r o p e r t i e s  of t h e  s o l v e n t ,  such  as t o t a l  hydro-  
gen c o n t e n t ,  aromatic hydrogen  c o n t e n t ,  d o n a t a b l e  hydrogen ,  and 
a v e r a g e  m o l e c u l a r  w e i g h t .  In r e a l i t y ,  p r o b a b l y  e a c h  o f  t h e  above 
g r o p e r t l e q  c o n t r i b u t e s  t o  a d i f f e r e n t  degree in e a c h  s o l v e n t .  T h i s  

ay exp  a n some o f  t h e  scatter in t h e  data.  The r e s u l t s  and d i s c u s -  
sions w i l l  b e  grouped u n d e r  t h e  s o l v e n t  p r o p e r t i e s  ment ioned  above.  
We w i l l  also d i s c u s s  t h e  d i f f e r e n c e  between t h e  r e a l  and nominal  sol-  
v e n t  t o  l i g n i t e  r a t i o  e f f e c t  i n  l i g n i t e  l i q u e f a c t i o n .  

A. Effect of Total Hvdrogen Content 

We tried t o  correlate t h e  t o t a l  hydrogen  c o n t e n t  o f  t h e  s i x -  
t e e n  s o l v e n t s  (15 p r e p a r e d  f r o m  h y d r o t r e a t i n g  a n t h r a c e n e  o i l  and one 
from t h e  r a w  a n t h r a c e n e  oil) w i t h  t h e  l i g n i t e  l i q u e f a c t i o n  c o n v e r s i o n s  
( q u i n o l i n e  c o n v e r s i o n s ) .  The r e s u l t s  are shown in F i g u r e  3. The l o w -  
est c o n v e r s i o n  (71%) is a s s o c i a t e d  w i t h  lowest t o t a l  hydrogen c o n t e n t  
o f  6.5%. As t h e  t o t a l  hydrogen is i n c r e a s e d  s l i g h t l y  t o  7.228, t h e  
c o n v e r s i o n  improves  s i g n i f i c a n t l y  from 71 t o  89%. With f u r t h e r  in- 
creases in t o t a l  hydrogen c o n t e n t ,  t h e  c o n v e r s i o n  o n l y  i n c r e a s e s  
s l i g h t l y  and l e v e l s  o f f  a t  a b o u t  988, when t h e  t o t a l  hydrogen c o n t e n t  
is a b o u t  8-9%. When t h e  t o t a l  hydrogen is a g a i n  i n c r e a s e d  f u r t h e r  t o  
t h e  ne ighborhood of 1096, t h e  c o n v e r s i o n s  d e c r e a s e  t o  t h e  l o w  90's. 
The optimum t o t a l  hydrogen seems t o  be in t h e  area o f  8 t o  9%. 

B. -n 

The l i g n i t e  l i q u e f a c t i o n  c o n v e r s i o n  ( q u i n o l i n e )  is p l o t t e d  
v e r s u s  t h e  aromatic hydrogen  c o n t e n t  ( F i g u r e  4 ) .  The e f f e c t  o f  
aromatic hydrogen on l i g n i t e  l i q u e f a c t i o n  c o n v e r s i o n  is v e r y  similar 
t o  t h a t  of t o t a l  hydrogen c o n t e n t .  The l o w  c o n v e r s i o n s  are found on 
t h e  t w o  e x t r e m e  e n d s  of t h e  a r o m a t i c  hydrogen  c o n t e n t  scale.  For  
example,  t h e  l o w  c o n v e r s i o n s  o f  71 and 91% are found w i t h  t h e  h i g h e s t  
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aromatic hydrogen c o n t e n t  o f  4.6% and t h e  lowest a r o m a t i c  c o n t e n t  o f  
1.85%, r e s p e c t i v e l y .  The maximum c o n v e r s i o n  is l o c a t e d  i n  t h e  midd le  
of t h e  a r o m a t i c  hydrogen c o n t e n t  scale ( a b o u t  3%).  I n  o t h e r  w o r d s ,  a 
good process s o l v e n t  s h o u l d n ' t  b e  e i t h e r  t o o  s a t u r a t e d  or t o o  
aromatic. 

C. E f f e c t  of Donatable Hvdroaen 

The g e n e r a l  d e f i n i t i o n  o f  d o n a t a b l e  hydrogen is t h a t  hydro- 
gen of  any  m o l e c u l e  t h a t  c a n  b e  d o n a t e d  t o  t h e  coal m o l e c u l e s  or radi- 
c a l s  d u r i n g  l i q u e f a c t i o n  r e a c t i o n s .  We h a v e  t r i e d  t o  f i n d  q u a n t i t a -  
t i v e l y  how much o f  t h i s  t y p e  o f  hydrogen i n  t h e  s o l v e n t  is n e c e s s a r y  
for high c o n v e r s i o n .  We t r i e d  t o  d e t e r m i n e  t h e  v a l u e  o f  p o t e n t i a l l y  
d o n a t a b l e  hydrogen (hydrogen  a t o  t h e  aromatic r i n g )  by p r o t o n  NMR. 
The v a l u e s  are e x p r e s s e d  i n  t e r m s  of a b s o l u t e  w e i g h t  p e r c e n t  of  t h e  
hydrogen i n  t h e  s o l v e n t  t h a t  are p o t e n t i a l l y  d o n a t a b l e .  These  re- 
p o r t e d  v a l u e s  may n o t  b e  t h e  same amount o f  a c t u a l  d o n a t a b l e  hydrogen 
t h a t  is r e q u i r e d  or consumed d u r i n g  l i q u e f a c t i o n  r e a c t i o n s .  The 
d o n a t a b l e  hydrogen from o u r  s o l v e n t s  r a n g e s  f rom 1 . 4 3  t o  2 . 7 6  w t  %. 
T h e s e  v a l u e s  are p l o t t e d  a g a i n s t  t h e i r  c o r r e s p o n d i n g  c o n v e r s i o n  v a l u e s  
( F i g u r e  5). The r a w  a n t h r a c e n e  o i l  h a s  a v e r y  small amount o f  
d o n a t a b l e  hydrogen ( 1 . 4 3  w t  %) a n d ,  as e x p e c t e d  , g i v e s  a cor respond-  
i n g l y  l o w  c o n v e r s i o n  v a l u e  o f  71%. O v e r a l l ,  t h e  c o n v e r s i o n  v a l u e s  
seem t o  increase w i t h  t h e  i n c r e a s e  in t h e  amount o f  d o n a t a b l e  hydro- 
gen .  There  is no maximum p o i n t  found i n  t h i s  c u r v e  as  w a s  found w i t h  
t h e  o t h e r  t w o  ( t o t a l  and aromatic hydrogen c u r v e s ,  F i g u r e s  3 and 4 ) .  
I n  o t h e r  words, over t he  r a n g e  s t u d i e d  t h e r e  is n o  l i m i t ;  t h e  more, 
t h e  better. 

D. E f f e c t  of T o t a l  Hvdroaen on Filtrate Y i e l d  

A l i q u e f a c t i o n  process may i n c l u d e  f i l t r a t i o n  as a s o l i d /  
l i q u i d  s e p a r a t i o n  s t e p .  We w e r e  i n t e r e s t e d  t o  see i f  t h e  s o l v e n t  
p r o p e r t i e s  t h a t  enhance  h i g h  c o n v e r s i o n  a l so  enhance  h i g h  y i e l d  of  
f i l t r a t e .  I t  is p o s s i b l e  t h a t  a good d o n o r  s o l v e n t  may n o t  b e  a good 
s o l v e n t  for d i s s o l v i n g  l i q u e f i e d  l i g n i t e  p r o d u c t s .  High y i e l d  o f  f i l -  
t r a t e  may b e  j u s t  as i m p o r t a n t  as h i g h  q u i n o l i n e  or c y c l o h e x a n e  con- 
v e r s i o n s ,  b e c a u s e  i n  a commercial p r o c e s s  t h e  u s e  o f  an  e x t r a c t i o n  
s o l v e n t ,  such  a s  q u i n o l i n e ,  would  be p r o h i b i t i v e l y  e x p e n s i v e .  

The r e a c t i o n  m i x t u r e ,  a f t e r  h a v i n g  c o o l e d  t o  ambient  tem- 
p e r a t u r e ,  was f i l t e r e d .  The w e i g h t  r a t i o  o f  t h e  f i l t r a t e  t o  t h e  f i l -  
ter  cake is p l o t t e d  a g a i n s t  t h e  t o t a l  hydrogen c o n t e n t  o f  t h e  s o l v e n t  
( F i g u r e  6 ) .  T h i s  p l o t  p r o d u c e s  a c u r v e  which  is similar t o  t h a t  of 
c o n v e r s i o n  v s  t o t a l  hydrogen .  The maximum o c c u r s  a t  8 t o  9% o f  t o t a l  
hydrogen c o n t e n t .  The maximum q u i n o l i n e  c o n v e r s i o n s  a lso o c c u r  I n  
t h i s  r e g i o n .  T h i s  s u g g e s t s  t h a t  t h e  b e s t  donor s o l v e n t  p r o d u c e s  t h e  
h i g h e s t  c o n v e r s i o n  and a l s o  p r o d u c e s  t h e  h i g h e s t  f i l t r a t e  t o  f i l t e r  
c a k e  weight  ra t io ,  o r  t h e  h i g h e s t  l i q u i d  p r o d u c t  y i e l d .  

E. E f f e c t  of M o l e c u l a r  Reieht 

The a v e r a g e  m o l e c u l a r  w e i g h t  o f  t h e  1 6  s o l v e n t s  s t u d i e d  ran-  
g e s  from 1 6 0  t o  260. The c o n v e r s i o n  d a t a  are  somewhat s c a t t e r e d  
( T a b l e  2). However, t h e  s o l v e n t s  t h a t  h a v e  h i g h  c o n v e r s i o n s  (97%+) 
seem t o  have  a h i g h e r  m o l e c u l a r  w e i g h t  ( 2 0 0 + ) .  On t h e  o t h e r  hand ,  t h e  
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s o l v e n t s  w i t h  l o w  c o n v e r s i o n  seem t o  associate w i t h  lower m o l e c u l a r  
w e i g h t s .  The r e a s o n  f o r  t h i s  w i l l  b e  e x p l a i n e d  i n  o u r  s o l v e n t  t o  l i g -  
n i t e  r a t i o  s t u d i e s .  

F. E f f e c t  of So lvent  to L i m i t e  Ratio 

For t h e  s t u d y  o f  s o l v e n t  t o  coal r a t i o  e f f e c t ,  w e  u s e d  THF 
and  c y c l o h e x a n e  c o n v e r s i o n s .  For example ,  THF c o n v e r s i o n  is t h e  y i e l d  
o f  g a s e s  and THF s o l u b l e  l i g n i t e  p r o d u c t s .  The r e s u l t s  are i l l u s -  
t r a t e d  i n  F i g u r e s  7 and 8. The d a t a  s u g g e s t  t h a t  t h e r e  is  a d i f -  
f e r e n c e  between nominal  and rea l  s o l v e n t  t o  l i g n i t e  ra t io .  The 
nominal  r a t i o  is d e f i n e d  as  t h e  w e i g h t  o f  t h e  s o l v e n t  d i v i d e d  by t h e  
w e i g h t  o f  l i g n i t e  c h a r g e d  t o  t h e  reactor. The real r a t i o  i s  d e f i n e d  
as t h e  c a l c u l a t e d  w e i g h t  of t h e  s o l v e n t  i n  t h e  l i q u i d  s t a t e  a t  reac- 
t i o n  t e m p e r a t u r e  d i v i d e d  by t h e  w e i g h t  o f  t h e  l i g n i t e  c h a r g e d  i n t o  t h e  
reactor. The real r a t i o  is c o n s i d e r a b l y  smaller t h a n  t h e  nominal  ra- 
t i o  b e c a u s e  a c o n s i d e r a b l e  amount of t h e  s o l v e n t  is v a p o r i z e d  a t  r e a c -  
t i o n  t e m p e r a t u r e  o f  410OC. 

The c o n v e r s i o n  r e s u l t s  ( c y c l o h e x a n e )  are  p l o t t e d  a g a i n s t  t h e  
nominal  w e i g h t  ra t io  (open  t r i a n g l e )  and  rea l  w e i g h t  r a t i o  ( f i l l e d  
s q u a r e s ) .  The d i f f e r e n c e  is t h a t  t h e  c o n v e r s i o n  won ' t  s t a r t  l e v e l i n g  
o f f  u n t i l  a f t e r  3/1 f o r  t h e  nominal  and 1 . 5 / 1  f o r  t h e  real r a t i o .  
Thus ,  f o r  t h e  h i g h e r  m o l e c u l a r  w e i g h t  s o l v e n t ,  less s t a r t i n g  s o l v e n t  
i s  needed f o r  t h e  e q u i v a l e n t  c o n v e r s i o n .  

The e x p e r i m e n t  w i t h  nominal  s o l v e n t  t o  l i g n i t e  ra t io  o f  2/1 
w a s  r e p e a t e d  w i t h  1000 p s i g  of  hydrogen i n  one  r u n  and n i t r o g e n  i n  t h e  
o t h e r .  The c o n v e r s i o n  ( c y c l o h e x a n e )  is i n c r e a s e d  from 33% (nominal  
r a t i o )  t o  62x0, and t h e r e  is n o  d i f f e r e n c e  i n  c o n v e r s i o n  found between 
t h e  r u n  w i t h  hydrogen  a n d  n i t r o g e n .  T h i s  s u g g e s t s  t h a t  t h e  d i f f e r e n c e  
i n  c o n v e r s i o n  is due  t o  t h e  p r e s s u r e  e f f e c t .  T h a t  is ,  t h e  p r e s e n c e  o f  
t h e  h i g h  p r e s s u r e  of  hydrogen or n i t r o g e n  s u p p r e s s e s  t h e  v a p o r i z a t i o n  
o f  t h e  s o l v e n t .  Thus,  it i s  t h e  l i q u i d  s o l v e n t  t h a t  i s  i m p o r t a n t  f o r  
promot ing  h i g h  c o n v e r s i o n .  

The f a c t  t h a t  t h e  s o l v e n t  h a s  t o  b e  i n  a l i q u i d  s ta te  f o r  
optimum c o n v e r s i o n  is  a g a i n  d e m o n s t r a t e d  i n  a n o t h e r  set o f  e x p e r i -  
ments .  I n  t h i s  series o f  e x p e r i m e n t s ,  t h e  s o l v e n t  t o  l i g n i t e  r a t i o  is 
h e l d  c o n s t a n t  a t  2. The p e r c e n t  o f  t h e  r e a c t o r  volume b e i n g  f i l l e d  
w i t h  t h e  s o l v e n t  and l i g n i t e  m i x t u r e  v a r i e d  f rom 25 ,  30, 40, and 55 
volume g. The c o n v e r s i o n s ,  b o t h  c y c l o h e x a n e  a n d  THF, are p l o t t e d  
a g a i n s t  t h e  volume % o f  reactor f i l l e d  w i t h  s l u r r y  as  shown i n  F i g u r e  
8. The c o n v e r s i o n  r e s u l t s  show t h a t  t h e  c o n v e r s i o n  i n c r e a s e s  d r a m a t i -  
c a l l y  w i t h  t h e  i n c r e a s e  i n  t h e  reactor volume u s a g e  o f  30 t o  40%. 
From 40 t o  50% o n l y  a s l i g h t  i n c r e a s e  is found.  T h i s  means t h e  d i f -  
f e r e n c e  between nominal  and real s o l v e n t  ( t e t r a l i n )  t o  l i g n i t e  ra t io  
is small  once  t h e  reactor is more t h a n  40% f u l l .  

To sum u p ,  f rom o u r  s o l v e n t  p r o p e r t y  s t u d i e s ,  t h e  i d e a l  sol-  
v e n t  s h o u l d  n o t  b e  too aromatic or too s a t u r a t e d .  The p r e s e n c e  of  an 
aromatic group and  s a t u r a t e d  g r o u p  i n  t h e  same s o l v e n t  m o l e c u l e  ( s u c h  
as h y d r o a r o m a t i c s )  is n e c e s s a r y  t o  p r o v i d e  a s o u r c e  of  d o n a t a b l e  
hydrogen .  For  o u r  p a r t i c u l a r  s o l v e n t  s y s t e m  ( d e r i v e d  from a n t h r a c e n e  
oil), t h e  optimum solvent s h o u l d  h a v e  a b o u t  3% a r o m a t i c  hydrogen ,  a 
t o t a l  hydrogen c o n t e n t  o f  8 t o  9%) some d o n a t a b l e  hydrogen  ( 2 . 5 % ) ,  and 
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a h i g h  b o i l i n g  r a n g e .  From our solvent r a t io  s t u d i e s ,  a s o l v e n t  i n  a 
l i q u i d  p h a s e  is i m p o r t a n t  f o r  promot ing  h i g h  l i q u e f a c t i o n  c o n v e r s i o n ,  
and t h e  s o l v e n t  t o  l i g n i t e  ra t io  s h o u l d  b e  i n  t h e  ne ighborhood of 2 
f o r  h igh  c o n v e r s i o n .  

coN~usIoNs 
The r e s u l t s  f rom s o l v e n t  p r o p e r t y  c o r r e l a t i o n  s t u d i e s  sug- 

g e s t  t h a t  t h e  optimum l i g n i t e  l i q u e f a c t i o n  s o l v e n t  s h o u l d  h a v e  t h e  
f o l l o w i n g  c h a r a c t e r i s t i c s :  

1. Some aromatic g r o u p s  (3% a r o m a t i c  hydrogen  c o n t e n t ) ,  

2 .  Total hydrogen c o n t e n t  of  8-9x1, 

3. Some d o n a t a b l e  hydrogen  ( 2 . 5 % ) ,  

4 .  And a h i g h  b o i l i n g  p o i n t  r a n g e  ( p r e f e r a b l y  500-10000F).  

The r e s u l t s  f rom s o l v e n t  t o  l i g n i t e  r a t i o  s t u d i e s  h a v e  sug- 
g e s t e d  t h a t  o n l y  t h e  s o l v e n t  i n  t h e  l i q u i d  p h a s e  i s  i m p o r t a n t  f o r  pro- 
m o t i n g  h i g h  c o n v e r s i o n  i n  t h e s e  h i g h  t e m p e r a t u r e  reactions.  The o p t i -  
mum s o l v e n t  t o  l i g n i t e  r a t i o  is i n  t h e  ne ighborhood o f  2 .  T h e s e  re- 
q u i r e m e n t s  f o r  h i g h  l i q u e f a c t i o n  c o n v e r s i o n  are p r o b a b l y  more demand- 
i n g  f o r  our s y s t e m  t h a n  any other p r o c e s s e s  b e c a u s e  a l l  t h e  r e q u i r e d  
hydrogen f o r  s t a b i l i z i n g  t h e  l i g n i t e  l i q u e f a c t i o n  p r o d u c t s  come from 
t h e  s t a r t i n g  s o l v e n t .  We d o n ' t  add m o l e c u l a r  hydrogen t o  our sys tem;  
t h u s ,  hydrogen s h u t t l i n g  t h r o u g h  t h e  s o l v e n t  s y s t e m  is i n s i g n i f i c a n t .  
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T a b l e  1 

U e n l t e  C t m r ~ c t e r f s t i c s  

Gulf C o a s t  l . 1 i n l t e  
- - B 

31.69 22.4 

A 

M o i s t u r e  (%) A s h  R e c e i v e d  

P r o x i m a t e ,  %, Dry B a s i s  

A s h  
Vola t 11 es 
F i x e d  Carbon 

U l t i m a t e .  X .  Dry B a s i s  

C a r b o n  
R y d r o g e n  
N i t r o g e n  
Sulfur 
A s h  
m y s e n  
H/C 

B t u / l b ,  D r y  B a s i s  (talc.) 

S o l v e n t  
No. 

I' 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

15.77 
54.69 
29.54 

59.21 
5.53 
0.55 
2.91 
15.77 
16.03 
1.12 

10988 

Table 2 

D o n o r  S o l r e n t  C h . r a c t e r i e t l c s  

S o l v e  t C h s r a c  erlstlcsl- 
-rn 

6.5 
7.22 
10.26 
7.13 
9.84 
9.9 
7.84 
9.99 
9.95 
9.9 
8.19 
10.08 
9.05 
8.35 
8.11 
8.93 

4.6 
4.08 
1.85 
2.85 
2.36 
2.28 
2.63 
2.20 
2.19 
2.19 
2.67 
2.12 
2.79 
2.72 
3.08 
2.98 

1.43 
1.92 
2.05 
2.35 
2.46 
2.38 
2.43 
2.20 
2.49 
2.39 
2.46 
2.32 
2.43 
2.34 
2.43 
2.76 

173 
174 
157 
157 
169 
166 
181 
164 
168 
166 
169 
166 
196 
252 
204 
260 

11.5 
45. 
44. 

64.3 
4.5 
1.2 
1.2 

11.5 
17.4 
0.84 

10964 

C o n v e r s i o n s  ( a 2  

71 
89 
91 
92 
92 
93 
94 
94 
95 
95 
96 
96 
97 
98 
98 
9R 

l H t ,  t o t a l  h y d r o g e n  c o n t e n t ;  Ha.  a r o m a t i c  h y d r o g e o ;  Hd, d o o a t a b l e  

on m a f  

h y d r o g e n  d e t e r m i n e d  by  p r o t o n  NMR. 

2 C o n v e r s l o n  1$ t h e  sum 0 2  g a s  y i e l d  and q u i n o l l n e  s o l u b l e .  
b a s i s .  

'Raw a n t h r a c e n e  011. 
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